We have studied the aggregation of silica microspheres confined to two dimensions at an airwater interface. Under microscopic observation, both monomers and clusters are seen to aggregate by a diffusion-limited process. The clusters fractal dimension is 1.20 0.15, smaller than values obtained from current models of aggregation. We propose that anisotropic repulsive interactions account for the low dimensionality by more effectively repelling particles from the side of an existing dendrite than from the end. 
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PACS numbers: 64.60.Cn, 05.40. +j, 68.70. +w, 82.70.Dd Colloid aggregation is the prototypical example of a random process which generates highly ramified dendritic structures. Although the qualitative features of aggregates have been well known, it was the recent discovery by Witten and Sander' of a computer simulation technique for diffusion-limited aggregation that spawned renewed interest in the structure of these curious objects. The Witten-Sander (WS) model and most subsequent modifications suggest that clusters possess universality in the sense that long-range structure is independent of the details of the interparticle potential. By now the number of theoretical results (including simulations) far exceeds the number of experimental results, and, since for practical reasons many simulations are carried out in two dimensions, measurements from real two-dimensional systems are particularly important.
Here we report the results of a two-dimensional aggregation experiment that we belive is the first reported physical realization of diffusion-limited aggregation in a plane, although the aggregation of nondiffusive floating wax particles2 and the case of two-dimensional electrodeposition have been reported. In our experiment, charged colloidal particles trapped by surface tension at the interface between air and water are allowed to aggregate by raising the salt concentration of the water substrate, thereby screening the repulsive electrostatic interactions. The aggregation process is studied by direct observation in an optical microscope.
In addition to the unusual two dimensionality, interfacial colloids provide a unique opportunity to characterize aggregation in detail. By direct observation one can gain insight into the controlling factors. Imageprocessing techniques can be applied to extract new information, such as the topological exponent and the persistence length.
Cluster CLCL model are more "stringy" than those of the WS model because the colliding clusters cannot interpenetrate deeply. In both models, the particles are dilute and, until they stick together irreversibly on contact, noninteracting.
The scattering experiments suggest that not all physical systems satisfy the assumptions of either model, perhaps most importantly with respect to the assumed absence of finite-range interactions.
In the presence of repulsive forces the Brownian motion of each particle cannot be considered independent; one would expect the motion to be biased away from existing clusters. The end of a charged dendrite therefore presents less of an electrostatic potential barrier than the side. 9 Although no simulations of diffusion-limited aggregation have yet appeared that include repulsive forces, anisotropic diffusion'0 and repulsive forces in an Eden model't have been simulated with the result that the fractal dimension decreases, consistent with structures having less branching. In our system of charged colloidal particles, finite-range forces would be expected to be important because the charge is largely responsible for the stability of the initial suspension.
The samples were prepared by spreading techniques outlined by Goodwin, Ottewill, and Parentich, '2 which were adapted for making small, controlled samples for microscopic examination [ Fig. 1(a) The individual particles within a cluster could not be resolved in the photos because of their small size; larger, more resolvable spheres were found to take too long to aggregate. Thus a compromise was made in using small microspheres since the definition of the equal-mass segments during the digitization procedure was somewhat arbitrary. The scaling relation between the radius of gyration and the mass of a cluster is not greatly affected by this compromise, however, other than by the potential introduction of systematic errors and the loss of information about small length scales. To test for errors, the experiment was repeated with higher resolution and the results did not change significantly. In addition, several negatives were analyzed with imageprocessing equipment by digitizing the full area of a cluster image and then calculating the total area (mass) and second moment of the area (radius of gyration). Again, after accounting for the smearing of the optical image, the results did not change.
A plot of the logarithm of the radius of gyration Rg against the logarithm of the number of segments N (which is proportional to, but not equal to, the number of particles) is shown in Fig. 2 for 81 clusters ranging in size from 3 to about 150 segments (circa 30 to 1500 particles). Linear behavior holds over the decade and a half in mass that was measured. From the inverse slope, the fractal dimension is 1.20+ 0.15, fitted with the data points weighted in favor of the larger clusters; this value is to be compared with 1.7 and 1.4, obtained for the two-dimensional %'S and CLCL models, respectively. Figure 3 illustrates the cluster-mass distribution P(N). 9 we analyzed the local details of the potential barriers surrounding the end of a dendrite. In the presence of repulsive electrostatic forces, the barrier encountered by a particle approaching a dendrite from the end is lower than the barrier for approaching the side: In the latter case, there are two or more particles in close proximity to a given growth site whereas at the end there is only one. Typically, the attractive van der Waals forces are not large enough to reverse this trend.
The particles are assumed to be trapped by surfacetension forces at the interface by the "flotation" mechanism commonly employed in many fields of chemical engineering, such as the removal of ore particles from suspension. Pieranski argues that the depth of the surface-energy potential well is several orders of magnitude greater than kT, therefore we can consider the particles to be confined strictly to two dimensions. ' Moreover, since the potential well is very steep, gravitational forces can be neglected, '4 and the interface can be considered to be perfectly flat up to the particles' surfaces (no dimples). It is possible that significant deformations in the water surface around the spheres could be caused by electrical mechanisms, making surface-tension forces between spheres important. However, for simplicity we confine our attention to the electrostatic interactions. On a dilute electrolyte substrate, the short-range interactions between two interfacial particles are dominated by a screened-Coulomb law according to '7 We consider this effect to be secondary in importance because our structures are not very flexible, and they display distinct linearity on both long and short length scales, suggesting a bias in the growth process itself.
A similar possibility relates to the electrical contributions to the persistence length: a cluster with mutually repelling segments tends to straighten out. In the present experiment, however, the Debye screening length is smaller than the monomer diameter; therefore, we have rejected the electrical mechanism for stretching the clusters to a lower fractal dimension.
Finally, it should be realized that the clusters studied here may not be asymptotically large. The fact that the clusters seem to have a persistence length comparable to the size of the clusters themselves means that very large aggregates are required to see asymptotic exponents: The normal CLCL process requires at least 10 particles and, with biased growthts or a finite concentration'9 of particles in the bath, it probably re=---quires more. Since many simulations are not carried out to the asymptotic limit, however, comparisons to them remain valid tests of our understanding.
Moreover, our data show no sign of curvature, suggesting that, if there is a separate asymptotic regime, our results reflect the behavior for distances small compared to some unknown crossover length. Clearly the regime we have studied is an experimentally important one because it is readily accessible.
In summary, the differences between our results and extant models of aggregation indicate the importance of interparticle repulsive forces. Even though these are relatively short range, the local tendency to form strings is reflected in the global properties of the
